Cadherins form a large family of homophilic cell adhesion molecules that are involved in numerous aspects of neural development. The best-studied neural cadherin, N-cadherin, is concentrated at synapses made by retinal axons in the chick optic tectum and is required for the arborization of retinal axons in their target (retinorecipient) laminae. By analogy, other cadherins might mediate arborization or synaptogenesis in other tectal laminae. Here we consider which cadherins are expressed in tectum, which cells express them, and how their expression is regulated. First, using N-cadherin as a model, we show that synaptic input regulates both cadherin gene expression and the subcellular distribution of cadherin protein. Second, we demonstrate that N-, R-, and T-cadherin are each expressed in distinct laminar patterns during retinotectal synaptogenesis and that N-and R-are enriched in nonoverlapping synaptic subsets. Third, we show that over 20 cadherin superfamily genes are expressed in the tectum during the time that synapses are forming and that many of them are expressed in restricted groups of cells. Finally, we report that both ␤-catenin and ␥-catenin (plakoglobin), cytoplasmic proteins required for cadherin signaling, are enriched at synapses and associated with N-cadherin. However, ␤-and ␥-catenins are differentially distributed and regulated, and form mutually exclusive complexes. This result suggests that cadherin-based specificity involves multiple cadherin-dependent signaling pathways as well as multiple cadherins.
INTRODUCTION
Cadherins comprise a large family of transmembrane glycoproteins with an extracellular domain that mediates calcium-dependent intercellular adhesion and a cytoplasmic domain involved in signaling. Initial immunological studies led to the isolation of three cadherins, N-, E-, and P-, expressed at high levels in the nervous system, epithelia, and placenta, respectively (reviewed in Takeichi, 1988) . Subsequently, numerous additional cadherin-like molecules were discovered; sequences are now available for at least 6 type I cadherins, at least 8 closely related type II cadherins, and over 20 more distant relatives, including desmosomal cadherins, protocadherins, and cadherin-like neuronal receptors (CNRs) (Suzuki et al., 1991; Buxton and Magee, 1992; Sano et al., 1993; Marrs and Nelson, 1996; Suzuki, 1996; Redies, 1997; Kohmura et al., 1998) . Homophilic interactions among classical cadherins (types I and II) account for much of the calcium-dependent adhesion among like cells and the ''sorting out'' of unlike cells documented in classical embryological experiments (Volk et al., 1987; Nose et al., 1988; Marrs and Nelson, 1996) . Moreover, cadherin-mediated adhesion initiates complex cellular responses: the cytoplasmic domain binds to a set of cadherin-associated molecules, the catenins (␣, ␤, and ␥; ␥-catenin is also called plakoglobin), that regulate adhesion, interact with the cytoskeleton, and affect gene expression (Kintner, 1992; Hirano et al., 1992; Yap et al., 1997; Simcha et al., 1998) . Perhaps because the cadherins are both strong adhesion molecules and potent signaling molecules, they play central roles in embryogenesis, as well as in the maintenance of many intercellular junctions (Marrs and Nelson, 1996; Yap et al., 1997) . Roles of proto-and CNR-cadherins are largely unexplored.
N-cadherin, the best-studied and most abundant neural cadherin, has been implicated in numerous aspects of neural development. These include neurulation, patterning of the neural ectoderm, neuronal migration, axon outgrowth, and fasciculation (Matsunaga et al., 1988a (Matsunaga et al., , 1988b Drazba and Lemmon, 1990; Bixby and Zhang, 1990; Detrick et al., 1990; Riehl et al., 1996;  reviewed in Redies, 1997) . More recently, Takeichi, Redies, and their colleagues have shown that at least 12 different cadherins are expressed in the brain, each in a distinct pattern (Ganzler and Redies, 1995; Arndt and Redies, 1996; Kimura et al., 1996; Suzuki et al., 1997; Fushimi et al., 1997; Arndt et al., 1998; Wohrn et al., 1998) . Patterns of cadherin expression often delineate brain subdivisions, such as segments in the cerebellum (Arndt et al., 1998) , thalamic nuclei (Kimura et al., 1996) , and cortical areas (Suzuki et al., 1997) . Moreover, several cadherins including N-, E-, R-, and 7, as well as the CNR cadherins, are associated with subsets of synapses (Yamagata et al., 1995; Fannon and Colman, 1996; Uchida et al., 1996; Arndt et al., 1998; Inoue et al., 1998; Kohmura et al., 1998) . These results, along with the finding that cadherin-mediated adhesion is often homophilic, suggest that cadherins could be involved not only in synaptic adhesion but also in synaptic specificity.
We are using the chick optic tectum to assess roles of cadherins in synaptogenesis. The tectum is composed of 16 laminae, each of which bears a distinct constellation of neuronal types and receives a defined set of inputs (Hunt and Brecha, 1984) . Retinal axons enter the tectum through the most superficial lamina, then arborize, and synapse in just 3 of the 16 laminae (the retinorecipient laminae or RRL; Sanes, 1995a, 1995b , and references therein). We showed previously that N-cadherin is concentrated in the RRL and selectively associated with retinotectal synapses (Yamagata et al., 1995) . Moreover, antibodies to N-cadherin perturb the formation of retinal arbors in the RRL both in retinotectal cocultures and in ovo (Inoue and Sanes, 1997) . On the basis of these results, we hypothesized that other cadherins might regulate lamina-specific arborization or synaptogenesis by inputs from other sources. To test this hypothesis, it will be necessary to determine which cadherins and catenins are expressed in tectum, which cells express them, and how their expression is regulated. Here, we report studies aimed at addressing these issues. First, using N-cadherin as a model, we examine some of the factors that might regulate laminar enrichment or expression of cadherins. Second, we demonstrate that R-and T-cadherins are distributed in laminar patterns distinct from that of N-and that R-but not T-cadherin is enriched at synapses. Third, we show that over 20 distinct cadherin genes are expressed in the tectum during the time that retinotectal synapses are forming and that many of them are found in distinct subsets of cells. Finally, we report that both ␤-catenin and ␥-catenin (plakoglobin) are associated with tectal N-cadherin, but that they are differentially distributed and form mutually exclusive complexes. The finding that ␤-catenin is concentrated at synapses confirms a report by Uchida et al. (1996) , but ␥-catenin has not, to our knowledge, been previously found in neurons. Its presence suggests that cadherin-based specificity may involve diversity of cadherin-dependent signaling pathways as well as diversity of cadherin subtypes. Some of these results have been previously reported in an abstract (Miskevich et al., 1997) .
RESULTS

Sources and Regulation of Tectal N-Cadherin in the Optic Tectum
Retinal axons enter the tectum through the most superficial layer, the stratum opticum (SO). These axons form transient arbors just beneath the SO by Embryonic Day (E)12 and penetrate the retinorecipient laminae (RRL) by E14. Retinal arbors expand over the next several days and are complex by E18. At all stages, the retinal arbors are confined to the three RRL, SGFS-B, -D, and -F, and each retinal axon confines its terminals to just one of the RRL (see Sanes, 1995a, and Yamagata et al., 1995 , for nomenclature and references to earlier studies). N-cadherin is widely expressed in the optic tectum at early stages (Redies et al., 1993) and becomes localized to the RRL during the period when retinotectal synapses are forming (E14-18) (Yamagata et al., 1995; see Fig. 1D) . Retinal ganglion cells express the N-cadherin gene, the protein has been localized to their axons, and enucleation significantly reduces the selective accumulation of N-cadherin in the RRL (Redies et al., 1992; Yamagata et al., 1995) . Therefore, one likely mechanism for localization of N-cadherin to the RRL is that it is supplied by retinal axons and accumulates on retinal arbors. There are, however, at least three potential additional explanations (Fig. 1A) : (1) Cells within the RRL might synthesize and accumulate N-cadherin; (2) N-cadherin made by postsynaptic cells with somata in deep layers (Karten et al., 1997) might be targeted to processes within the RRL; and (3) retinal input might stimulate N-cadherin expression by tectal targets. We began this study by testing these alternatives and obtained evidence in support of all three.
First, we used in situ hybridization to determine sites of N-cadherin synthesis at late stages of embryogenesis (E14-18) and in hatchlings. Numerous tectal cells expressed N-cadherin, but two populations were more intensely labeled than the others (Fig. 1B) . One was a set of horizontal interneurons in the retinorecipient laminae . These cells could provide a local source of N-cadherin in the RRL. The second group of intensely N-cadherin-positive cells were located in the SGC (Figs. 1G and 1H ). The SGC contains two main types of neurons (Karten et al., 1997) . Type I neurons are concentrated in the upper half of the lamina, extend dendrites to SGFS-D, and are monosynaptic targets of retinal axons that arborize in this lamina. Type II neurons, concentrated in the deeper portion of SGC, extend their dendrites only as far as SGFS-H and therefore cannot be direct retinal targets. Large N-cadherin-positive and -negative neurons were interspersed throughout the thickness of SGC and, therefore, presumably included some of both Type I and the Type II cells.
To determine whether N-cadherin produced by neurons in the SGC is supplied to the RRL, we stained sections with monoclonal antibodies to N-cadherin. At E12, N-cadherin was present on radial processes that spanned the RRL and extended into deeper laminae ( Figs. 2A and 2D ). Many of these radial processes ramified within the RRL and were, therefore, likely to be dendrites of neurons in deeper laminae. During the next few days, as retinal arbors expanded, levels of N-cadherin decreased on the radial processes and increased in puncta within the RRL (Fig. 2B) . By the time of hatching, radial fibers were no longer detectably N-cadherin-positive, and immunoreactivity was confined to discrete puncta within the RRL (Figs. 2C and 2E) . Confocal microscopy of sections double-stained with anti-N-cadherin plus antibodies to synaptic vesicle proteins (SV2 or synaptotagmin) indicated that some of these puncta corresponded to synapses (Figs. 3A-3C), consistent with results from immunoelectron microscopy (Yamagata et al., 1995) . Taken together with the distribution of N-cadherin message, these results suggest that N-cadherin synthesized by neurons in the SGC is translocated through dendrites and progressively restricted to synaptic sites in the RRL.
The progressive restriction of N-cadherin to synaptic sites suggests that retinal input regulates the distribution of N-cadherin protein. To test whether retinal input also regulates N-cadherin gene expression, we monocularly enucleated embryos at E3 and then compared contralateral (enucleated) and ipsilateral (control) tecta by in situ hybridization at E18 or hatching. As previously reported (Bagnoli et al., 1992; Yamagata et al., 1995) , enucleated tecta were smaller than control tecta at hatching, and the RRL were reduced in thickness. The distribution of N-cadherin mRNA was qualitatively normal in enucleated tecta, with N-cadherin-positive cells present in both RRL and SGC (data not shown). However, the fraction of cells that expressed N-cadherin in the SGC of enucleated tecta was only half that in controls (Fig. 4) . This reduction was specific, in that enucleation had no significant effect on the fraction of SGC cells that expressed R-or T-cadherin RNAs (data not shown). These results suggest that the retinal axons affect either survival or differentiation of N-cadherinexpressing SGC neurons.
Distinct Laminar Distribution of N-, R-, and T-Cadherins
The observation that N-cadherin is selectively associated with retinotectal synapses raised the possibility that other cadherins might be associated with other synapses. As an initial test of this idea, we stained sections of E16, E18, and hatchling tecta with antibodies to three other cadherins, E-, R-, and T-. E-cadherin has been shown to be concentrated at a subset of synapses in
FIG. 2. Progressive restriction of N-cadherin to the RRL. Sections from E12 (A,D), E16 (B)
, and P0 (C,E) tectum were stained with anti-N-cadherin. At E12, N-cadherin is readily detectable on radial processes inside and outside of the RRL. Some radial fibers are still N-cadherin-positive at E16, but N-cadherin is enriched at puncta in the RRL. By P0, fibers are N-cadherin-negative, and immunoreactivity is restricted to puncta in the RRL. Bar is 20 µm for A-C, 10 µm for D and E. mammalian hippocampus (Fannon and Colman, 1996) . R-cadherin is expressed in tectum at early stages of development (Redies et al., 1993) and is concentrated at a subset of synapses in cerebellum (Arndt et al., 1998) . T-cadherin is unique among cadherins in being linked to the membrane by a GPI tail (Ranscht and DourZimmerman, 1991) . It is expressed widely in the nervous system (Fredette and Ranscht, 1994) but has not been reported to be present at synapses.
Results obtained at E16 are shown in Fig. 5 , and qualitatively similar results were obtained at E14, E18, and in hatchlings (data not shown). E-cadherin was present in the pia and on ependymal cells, but undetectable in the neuropil. T-cadherin was broadly distributed, with high levels in SGFS-A, B, C, G, and H, and the SFP, and significantly lower but readily detectable levels were in the remaining layers. Most interestingly, R-cadherin protein was enriched in a distinct subset of laminae that partially overlapped with those rich in N-cadherin: R-and N-cadherin were both abundant in SGFS-D and ependymal cells, R-cadherin but not N-cadherin was concentrated in SGFS-H and SFP, and N-but not R-cadherin was concentrated in SGFS-B. Thus, each of four cadherins tested had a unique distribution in tectum, and two of the four (N-and R-) showed lamina-selective patterns.
We next used confocal microscopy to assess the subcellular localization of these cadherins. As described above for N-cadherin, we double-labeled sections with antibodies specific for each cadherin plus antibodies to a synaptic vesicle protein. R-cadherin was concentrated in puncta in the SFP and the RRL. Most of the puncta in the SFP were clearly associated with synapses (Figs. 3D-3F), as were some of the puncta in the RRL (data not shown). In addition, R-cadherin stained radial fibers at all ages examined (E12 to P0). In contrast, T-cadherin was broadly distributed in all laminae and was not obviously concentrated at synaptic sites (Figs. 3G-3I).
We also double-labeled sectioned with antibodies to N-and R-cadherins, to assess their colocalization in laminae where both are present. These two cadherins were seldom present at the same puncta in the RRL, suggesting that they are found at different synapses (Figs. 3J-3L ). This pattern is consistent with the observation that R-and N-cadherins label distinct visual pathways (Redies et al., 1993) and is reminiscent of the different distributions of E-and N-cadherins in the hippocampus (Fannon and Coleman, 1996 ).
An Inventory of Tectal Cadherins
Our immunochemical studies demonstrated that multiple cadherins are expressed in optic tectum and that a subset of these exhibit lamina-selective distributions. These results encouraged us to take a more systematic approach to identify tectal cadherins. Suzuki and colleagues identified numerous novel cadherins and protocadherins in rodent brain by performing reverse transcription PCR with degenerate primers designed to match conserved extracellular and cytoplasmic sequences (Suzuki et al., 1991; Sano et al., 1993) . We used their protocol to inventory cadherins expressed in the tectum at E16, the height of retinotectal synaptogenesis.
PCR products amplified with the Suzuki primers were cloned and ϳ300 clones were sequenced. Approximately 210 of the 300 clones encoded cadherin-related sequences, derived from ϳ20 distinct genes (Table 1 and Fig. 6 ). These included representatives of the Type I classical cadherins (N-, R-, and E-cadherins), the Type II classical cadherins (cadherins 6b, 7, 8, 10, 11, and 14) , the protocadherins (Pcdh 1 and 2), and other more distant relatives (such as homologs of the Drosophila tumor suppressor gene fat). None of our clones corresponded to the more distantly related desmosomal cadherins (Buxton and Magee, 1992) or to the recently reported subfamily of CNR cadherins (Kohmura et al., 1998) . As expected, cadherins amplified with primers to cytoplasmic sequences were all Type I and II cadherins because members of other cadherin subfamilies bear divergent cytoplasmic domains. In contrast, primers to broadly conserved extracellular sequences amplified members of multiple subfamilies. It was surprising that T-cadherin was not amplified by these primers, in view of its abundance. Seven of the amplified sequences corresponded to previously isolated chick cadherins (N-, B/E-, R-cadherins, cadherins 6b, 7, and 10, and pcdh 2). An additional five sequences are likely chick orthologues of cadherins previously cloned from mammals (cadherins 8, 11, and 14, protocadherin 68, and a homolog of the Drosophila fat gene). The remaining sequences are novel but homologous to known cadherin superfamily members. Due to the large number of cadherin-like repeats in some family members, notably fat (Dunne et al., 1995) , it is possible that some of the sequences listed in Table 1 are derived from distinct regions of a single gene.
Several cadherin cDNAs were used for in situ hybridization to determine which cells expressed these genes during the period of retinotectal synaptogenesis. As shown in Fig. 7 , all Type I and II cadherins tested were expressed in subsets of cells in the SGFS as well as in subsets of cells in SGC. T-cadherin message is found in many cells throughout the tectum, although few if any cells were labeled in SGFS-D. R-cadherin mRNA partially overlaps the layers of N-cadherin expression in SGFS-D and in the SGC, but is also present in SGFS-G. Two other cadherins, 6b and 7, are both expressed in SGFS-C and H, but cadherin 6b is also expressed in SGFS-A and G. The distribution of these two cadherins also differs in that fewer cells express cadherin 7 than cadherin 6b.
All of the Type I and II cadherins tested were also expressed in the SGC (Figs. 7AЈ-7EЈ) . T-and R-cadherins were expressed by most neurons in the SGC, but differed in that levels of T-cadherin were relatively uniform within this lamina, whereas levels of R-cadherin varied markedly among neurons. N-cadherin and cadherins 6b and 7 were also expressed in SGC neurons, although each was present in only a subset of the cells.
The single protocadherin assayed to date, pcdh2 (Obata et al., 1995) , was detected only in ependymal cells lining the ventricle (Fig. 7F ).
Catenin Expression in the Optic Tectum
The intracellular domains of classical cadherins signal through a set of cytoplasmic proteins called the catenins. The cadherins bind directly to ␤-catenin and ␥-catenin/ plakoglobin, which in turn bind ␣E-catenin and its homolog, ␣N-catenin. The ␣-catenins interact with actin filaments, forming a link to the cytoskeleton that is critical for cadherin-dependent adhesion (Marrs and Nelson, 1996; Yap et al., 1997) . ␤-and ␥-catenins, which are related to each other but not to the ␣-catenins, can also interact with components of the Wnt signaling pathway in the cytoplasm and with transcription factors in the nucleus (Miller and Moon, 1996) .
␣N-and ␤-catenins appear to be the predominant catenins in the nervous system, and both are concentrated at subsets of synaptic sites (Uchida et al., 1996) . In view of strong evidence that all classical cadherins are associated with catenins, the distribution of the catenins might indicate the summed distribution of all classical cadherins in the tectum. We therefore stained sections of tectum with antibodies to ␣-and ␤-catenin. At E12, E16, E18, and P0, both catenins were broadly distributed in the neuropil (Figs. 8A, 8B , 8D, 8E and data not shown). The antibody to ␣-catenin also stained the vasculature, suggesting that it does not discriminate between two isoforms of ␣-catenin, ␣E-, and ␣N, which are selectively expressed in nonneural cells and neurons, respectively. ␤-catenin was undetectable in vasculature, consistent with previous reports. Double-labeling with anti ␤-catenin and antibodies to synaptic vesicle proteins demonstrated that ␤-catenin is synapse-associated (data not shown). Moreover, the widespread distribution of ␣-and ␤-catenins paralleled that of synaptic vesicle proteins (data not shown), suggesting that many and perhaps most synapses bear classical cadherins. The distribution of ␣-and ␤-catenins was broader than that of N-plus R-cadherins (see Fig. 5 ), indicating that other cadherins are present at other synapses. The additional catenin-associated synaptic cadherins are unlikely to include T-cadherin, which lacks a cytoplasmic domain (Ranscht and Dours-Zimmermann, 1991) . Likewise, protocadherins are not believed to associate with catenins (Sano et al., 1993) . Instead, other classical cadherins expressed in tectum (Table 1 and Fig. 7 ) may be associated with synapses that are not detectably N-or R-cadherin positive. It will be important to obtain specific antibodies to other cadherins to examine this idea.
␥-Catenin is abundant in nonneural tissues including blood vessels, but has not been reported to be expressed by neurons. It was therefore surprising that a monoclonal antibody specific for ␥-catenin not only stained tectal blood vessels but was also selectively associated with the RRL (Figs. 8C, 8F) . Similar results were obtained with an affinity purified polyclonal antibody specific for ␥-catenin (data not shown). We therefore undertook further experiments to determine the cellular source of the ␥-catenin in the RRL. First, we stained tecta at earlier stages and found that the ␥-catenin was confined to the stratum opticum and SGFS-A/B at E12 (Fig. 8G) . At this stage, the stratum opticum is populated almost entirely by retinal axons, and SGFS-A/B represents the border of retinal axon penetration into the tectum. Second, we stained tecta from enucleated embryos. ␥-Catenin was retained in the vasculature of enucleated tecta, but was undetectable in the RRL (Fig. 8H) . In contrast, ␣-and ␤-catenins remained broadly distributed in enucleated tecta (data not shown). Third, confocal microscopy showed colocalization of ␥-catenin and N-cadherin in the RRL (data not shown). Finally, ␥-catenin staining was visible in ganglion cells of the retina (data not shown). Together, these experiments suggest that the concentration of ␥-catenin in the RRL reflects, at least in part, its production by retinal ganglion cells and concentration in retinal terminals.
Finally, we asked whether ␤-and ␥-catenins were associated with cadherins and whether they were present in separate or shared signaling complexes. To this end, we prepared detergent extracts of hatchling tecta and immunoprecipitated cadherin-catenin complexes. The precipitates were then fractionated by SDSgel electrophoresis and transferred to filters, and the filters were probed with antibodies to cadherins or catenins.
Results of these experiments are shown in Fig. 9 . Antibodies to N-cadherin or to a domain conserved among many cadherins immunoprecipitated complexes that contained ␤-catenin and ␥-catenin. Likewise, antibodies to either ␤-or ␥-catenin precipitated complexes that contained cadherins. On the other hand, complexes precipitated by anti-␤-catenin did not contain detectable ␥-catenin, and complexes precipitated by anti-␥-catenin did not contain detectable ␤-catenin. This segregation is consistent with binding studies using recombinant proteins, which showed that ␤-and ␥-catenins are mutually exclusive components of cadherincontaining complexes (Aberle et al., 1994) . We conclude that in the tectum N-cadherin and probably other classical cadherins are associated with signaling complexes that contain ␤-and ␥-catenins, but that ␤-and ␥-catenins are present in separate complexes. As ␥-catenin is lost after enucleation and is only present in the neuropil where retinal axons are found, we believe that ␥-catenin is likely to be present specifically in the presynaptic retinal terminal in the RRL. Cells postsynap- tic to retinal axons, in contrast, are likely to express ␤-but not ␥-catenin.
DISCUSSION
In a search for markers of tectal laminae, we previously found that N-cadherin becomes restricted to the RRL at late stages of development. Electron microscopy revealed that N-cadherin is concentrated at retinotectal synapses in the RRL (Yamagata et al., 1995) , and antibody perturbation experiments in vivo and in vitro revealed that N-cadherin is involved in the laminar specificity of retinotectal connections (Inoue and Sanes, 1997) . Because cadherins comprise a large family of homophilic adhesion molecules, we wondered whether other cadherins might be present and play roles at some N-cadherin-negative tectal synapses. Indeed, R-and E-cadherins as well as cadherin 7 are present at synaptic subsets in other parts of the brain (Fannon and Colman, 1996; Inoue et al., 1998; Arndt et al., 1998) . Moreover, studies by Takeichi, Redies, and colleagues have shown that selective combinatorial expression of numerous cadherins mark functionally significant subdivisions throughout the brain, including neuromeres, nuclei, neocortical areas, cerebellar bands, and modality-
FIG. 8. Distribution of catenins in the optic tectum at E16 (A-C), E18 (D-F,H), or E12 (G). (A,D) ␣-Catenin is broadly distributed in the neuropil
and is also present in the vasculature. (B,E) ␤-Catenin is broadly distributed in the neuropil but undetectable in the vasculature. (C,F) ␥-Catenin is abundant in the vasculature and is also concentrated in the RRL. (G) ␥-Catenin is confined near the stratum opticum at E12. (H) ␥-Catenin is retained in vasculature but absent from RRL in tecta from enucleated embryos. Bar, 50 µm. specific pathways (Redies et al., 1993; Suzuki et al., 1997; Redies, 1997; Arndt et al., 1998; Inoue et al., 1998) . Accordingly, we undertook a series of studies aimed at documenting cadherin expression and regulation in tectum. Our principal findings, and the conclusions we draw from them, are as follows.
First, using N-cadherin as a model, we assessed the cellular sources of the cadherin concentrated at retinotectal synapses. As expected for a homophilic adhesion molecule, N-cadherin is expressed both by retinal ganglion cells and by putative postsynaptic cells. The patterns of postsynaptic expression are, however, complex. On the one hand, two distinct classes of postsynaptic cells-Type I neurons in the SGC (Karten et al., 1997) and interneurons in the RRL-both express N-cadherin. On the other hand, only a subset of the Type I cells are detectably N-cadherin-positive and little N-cadherin is present in one of the three RRL, SGFS-F. Together, these results suggest that N-cadherin might promote adhesion at some but not all retinotectal synapses. Wohrn et al. (1998) have reported that subsets of retinal ganglion cells express cadherins 6b and 7, and we have found that subsets of tectal neurons also express both cadherins. It will therefore be important to determine whether these cadherins also mediate retinotectal interactions.
Second, retinal input regulates the synaptic localization of N-cadherin in multiple ways. The observation that N-cadherin does not become concentrated in the RRL of enucleated embryos (Yamagata et al., 1995) might be explained in any of at least three ways: retinal axons could supply the synaptic N-cadherin, axons could lead to redistribution of N-cadherin on postsynaptic cells, or synaptic input could regulate postsynaptic N-cadherin expression. The second and third explanations are similar to ones that have been advanced to account for the concentration of neurotransmitter receptors at the wellstudied neuromuscular junction: there, motor axons both stimulate expression of acetylcholine receptor genes by subsynaptic nuclei and direct redistribution to synaptic sites of receptors in the plane of the membrane (reviewed in Hall and Sanes, 1993; Sanes and Lichtman, 1999) . In fact, our results support all three possibilities. Retinal ganglion cells express N-cadherin and localize it on their axons (Matsunaga et al., 1988a,b) ; N-cadherin is initially diffusely distributed on dendrites of tectal neurons, then becomes progressively concentrated at synaptic sites; and fewer cells express N-cadherin RNA in enucleated than in control tecta. The redistribution of dendritic N-cadherin could result from trapping by homophilic binding to N-cadherin on nerve terminals, and/or an indirect effect of aggregating agents functionally similar to agrin at the neuromuscular junction (Sanes and Lichtman, 1999) . Likewise, the apparent transcriptional regulation of N-cadherin expression by retinal input could result from trophic signaling or from activity-dependent stimulation of gene expression in postsynaptic cells, evoked by spontaneous activity in retinal ganglion cells (Wong et al., 1998) . In support of the latter alternative, Itoh et al. (1997) found that expression of N-cadherin by sensory neurons is regulated by action potentials, although in their case activity decreased N-cadherin RNA levels. In any event, N-cadherin may be a useful subject for further studies of transynaptic control of postsynaptic properties, which has been studied extensively at the neuromuscular junction but rather little at neuron-neuron synapses.
Third, R-cadherin, like N-cadherin, is expressed in a lamina-specific pattern and enriched at a subset of tectal synapses. This result is of particular interest in that it provides strong support for the idea that a cadherin code could underly the laminar specificity of synaptic inputs to the tectum. The laminar distributions of N-and R-cadherin are partially overlapping, but confocal microscopy of double-labeled sections indicates that even in regions of overlap, different synapses are rich in the two cadherins. This separation is consistent with the observation that retinal ganglion cells express N-but not R-cadherin (Inuzuka et al., 1991; Wohrn et al., 1998) . Afferents that are R-cadherin positive and/or are known to terminate in R-cadherin-positive tectal laminae include two brainstem visual nuclei, the nucleus semiluminaris and the nucleus isthmi pars parvicellularis (Redies et al., 1993; Hunt and Brecha, 1984) .
Fourth, T-cadherin, unlike N-and R-, is widely expressed but not concentrated at synapses. Interestingly, T-cadherin is excluded from synaptic sites in muscle (neuromuscular junctions; Fredette and Ranscht, 1994) . Moreover, T-cadherin inhibits neurite outgrowth from some neuronal populations (Fredette et al., 1996) . We cannot tell whether T-cadherin is actually absent from synaptic sites in tectum but if so, it might play a role in limiting arbors to appropriate sites. The relative paucity of T-cadherin in the RRL, SGFS-D, is consistent with this idea.
Fifth, RT-PCR with degenerate primers revealed that Ͼ20 cadherins are expressed in the tectum at late stages of development, when synapses are forming or have formed. Cadherins isolated in our inventory included some that we had already studied immunohistochemically (N, R, and E), some previously shown to be expressed in tectum at earlier stages of development (6b, 7, and 10; see Fushima et al., 1997) , some likely avian orthologues of cadherins previously shown to be expressed in mammalian brain (8, 11, and 14; see Kimura et al., 1996; Suzuki et al., 1997; Korematsu et al., 1998), several protocadherins (1, 2, 4, 6, 68 , and related sequences), and avian homologs of a Drosophila cadherinrelated tumor suppressor gene called fat (Dunne et al., 1995) . It is interesting that we isolated 10 of the known Type I and Type II cadherins, but no novel members of these subfamilies. It may be that a large fraction of the genes in these subfamilies have now been identified. The protocadherins are a large family of adhesive proteins with extracellular domains homologous to those of the classical cadherins, but divergent cytoplasmic domains (Suzuki, 1996) . To date a role in vivo has been demonstrated for only one member of this family: NF-protocadherin is required for ectodermal differentiation in Xenopus (Bradley et al., 1998) . Consistent with this nonneural role, we found that protocadherin 2 is restricted to ependymal cells in tectum. However, numerous protocadherins are known to be expressed in brain by Northern analysis, and some may be expressed in tectal neurons. More encouraging is the result that all five Type I and Type II cadherins tested by in situ hybridization are expressed in subsets of tectal laminae.
Finally, both ␤-and ␥-catenins are expressed in the tectal neuropil and form complexes with cadherins. Their distributions are distinct, however, and they are mutually exclusive binding partners of cadherins. The broad distribution of ␤-catenin is consistent with previous reports (e.g., Uchida et al., 1996) and with the presumption that cadherins are present at many or most tectal synapses. On the other hand, the presence of ␥-catenin in the neuropil was surprising. To date, ␥-catenin has been studied primarily as a component of desmosomes and adherens junctions (Marrs and Nelson, 1996; Ruiz et al., 1996) , and we are aware of no reports showing it to be expressed in neurons. Moreover, within the tectum, ␥-catenin is strikingly restricted to the RRL. We have so far been unable to isolate cDNAs that encode avian ␥-catenin and therefore do not know which cells synthesize it, but several lines of evidence strongly support the idea that the tectal ␥-catenin is contained within retinal axons: its distribution precisely mirrors that of retinal terminals; it is concentrated in the stratum opticum at early stages prior to the formation of terminal arbors; it is physically complexed with N-cadherin, which is present in retinal axons; and it is undetectable in the neuropil of tecta from enucleated embryos. Thus, at retinotectal synapses, presynaptic N-cadherin may be associated with an ␣-and ␥-catenincontaining complex, whereas postsynaptic N-cadherin may be associated with an ␣-and ␤-containing complex. Interestingly, ␤-and ␥-catenin differ in their ability to recruit cytoskeletal components and activate transcription factors (Simcha et al., 1998) . Thus, homophilic adhesion at a synapse could lead to the generation of different signals or activation of different signaling pathways in the pre-and postsynaptic partners.
EXPERIMENTAL METHODS
Histology
Fertilized White Leghorn chicken eggs (SPAFAS, Roanoke, IL) were incubated at 38°C in a humidified incubator. Tecta were dissected, fixed for 2 h in 4% paraformaldehyde in phosphate-buffered saline (PBS), immersed in 30% sucrose overnight, and frozen. Tenmicrometer-thick sections were cut on a cryostat, postfixed with 4% paraformaldehyde in PBS for 5 min, and washed with PBS and then with 10% normal goat serum in PBS (NGS/PBS). Primary antibody diluted in NGS/ PBS was applied overnight at 4°C. Slides were then washed in PBS, incubated in secondary antibody and a nuclear counterstain (0.002% Hoechst Dye 33258) in NGS/PBS for 1 h at 4°C, washed again, and mounted with 90% glycerol/10% PBS containing para-phenylenediamine. In most cases, the slides were examined on a Zeiss Axiophot and photographed with Tri-X film. Micrographs shown in Fig. 3 were acquired digitally on an Olympus confocal microscope.
The following antibodies were used: (a) Rat anti-N-cadherin NCD2 (prepared from hybridoma cells provided by M. Takeichi; Hatta and Takeichi, 1986) Inuzuka et al., 1991) . (e) Rabbit anti-serum to recombinant T-cadherin (Fredette et al., 1996) 
Enucleation
Eggs were incubated 3 to 3.5 days until they reached Hamburger & Hamilton stages 19-22 (Hamburger and Hamilton, 1951) . The top of the egg was then windowed and the covering membrane removed using fine forceps. One eye was ablated using an electrocautery device, avoiding major blood vessels in the alantois and embryonic forebrain. The egg was then resealed with transparent tape and replaced in the incubator. Only embryos which maintained an undisturbed projection to the ipsilateral tectum were used in this study.
PCR Screening
Total RNA was prepared from E16 tecta with guanidine isothiocyanate (Chomczynski and Sacchi, 1987) and reverse transcribed with AMV reverse transcriptase (Boehringer-Mannheim) using random primers. Cadherin-like sequences were then amplified using the degenerate primers designed by Suzuki and colleagues (Suzuki et al., 1991; Sano et al., 1993) . Primers corresponding to conserved sequences within the intracellular domain were 5Ј-GAATTCACNGCNCCNCCNTAYGA-3Ј and 5Ј-AARTTYTTYRANCGNCTCTTAAG-3Ј, while primers to conserved sequences in the extracellular domain were 5Ј-AARSSNNTNGAYTRYGA-3Ј and 5Ј-NNNGGNGCRTTRTCRTT-3Ј. (R denotes A or G, S denotes C or G, Y denotes C or T, and N denotes A,G,C, or T.) PCR conditions were: 94°C for 2 min then 35 cycles of 94°C for 1 min 45°C for 2 min and 72°C for 3 min followed by 15 min at 72°C. Reaction products were fractionated on 1% agarose gels and bands of appropriate sizes were cloned. Clones were sequenced and sequences were compared to the GenBank database using the Blast algorithm.
In Situ Hybridization
Plasmids were linearized, treated with Proteinase K for 10 min at 65°C, extracted with phenol:chloroform, and precipitated with isopropanol. Five micrograms of template was dissolved in 10 µl DEPC-treated water and added to 4 µl transcription buffer (Promega), 2 µl 10ϫ digoxigenin RNA labeling mix (Boehringer-Mannheim), 1 µl of 100 mM DTT, 1 µl RNAsin (Promega), and 40 U of either T3 or T7 RNA polymerase (Promega). The transcription reaction was incubated 2 h at 37°C, diluted with 100 µl water, and precipitated with 20 µl of 7.5 M ammonium acetate, 40 µg glycogen, and 600 µl of 100% ethanol at Ϫ20°C. The precipitated material was then resuspended in hybridization buffer and stored at Ϫ20°C.
Tissue was prepared as for immunohistochemistry, except that sections were cut at 20-µm thickness and fixed in 4% paraformaldehyde. For in situ hybridization, we slightly modified the protocol of Scharen-Weimers and Gerfin-Moser (1993) . Briefly, fixed sections were washed 5 min in PBS plus 0.1% Tween 20 (PBST), treated 5 min with Proteinase K in PBS (1 µg/ml), washed in PBST, postfixed in 4% paraformaldehyde in PBS, washed in PBST, acetylated 30 min with 0.3% acetic anhydride in 100 mM triethanolamine (pH 8.0), washed with PBST, permeabilized with 1% Triton X-100 in PBST, washed in PBST, and blocked 1 h in hybridization buffer (50% formamide, 5ϫ SSC, 250 µg/ml yeast RNA 0.5 mg/ml sheared herring sperm DNA, 0.1 mg/ml heparin (Sigma), 1ϫ Denhardts, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA, pH 7.2). The sections were then hybridized overnight at 65°C with digoxigenin-labeled probe diluted in hybridization buffer. The next day the slides were washed in 2ϫ SSC, incubated 35 min in 2ϫ SSC plus 10 µg/ml RNase A (Sigma) at 37°C, rinsed in 2ϫ SSC, washed twice for 30 min each in 0.2ϫ SSC at 70°C, rinsed in PBST, and blocked for 1 h with blocking buffer (5% heat inactivated sheep serum, 2 mg/ml bovine serum albumin, 1% dimethyl sulfoxide in PBST). Goat anti-digoxigenin Fab fragments conjugated to alkaline phosphatase (Boehringer-Mannheim) were incubated with a homogenate of chick forebrain for 1 h and then applied to the sections for 2 h. Sections were then incubated 12-36 h in buffer containing 0.24 mg/ml levamisole (Sigma), 350 µg/ml nitro blue tetrazolium (Boehringer-Mannheim), and 175 µg/ml 5-bromo-4-chloro-3-indolyl phosphate (Boehringer-Mannheim). Nuclei were counterstained with Hoechst dye 33258.
Immunoprecipitations
Tecta from newly hatched chicks were lysed in buffer containing 1% Triton X-100, 150 mM NaCl, and 50 mM Tris, pH 7.4, and protease inhibitors (Complete Protease Cocktail, Boehringer). Aliquots of clarified lysate were incubated with primary antibody for 1 h at 4°C. Protein G agarose (GIBCO) was added, the lysate was shaken for an additional hour at 4°C, and the agarose beads were collected by centrifugation. Beads were washed three times for 10 min each in lysis buffer, and proteins were eluted by boiling 5 min in 1% SDS buffered with 50 mM Tris, pH 7.4. Precipitated proteins were fractionated on 8% polyacrylamide gels and blotted onto nitrocellulose. The filters were blocked in 5% nonfat dry milk in PBS for 30 min, incubated with primary antibody for 1 h, washed in PBST, incubated in HRP-labeled secondary antibody diluted in 5% milk in PBS for 1 h, and then washed as above. Finally, filters were incubated in chemiluminescence buffer (Renaissance, NEN) and exposed to Kodak X-Omat autoradiography film.
